The INCAP longitudinal study (1969)(1970)(1971)(1972)(1973)(1974)(1975)(1976)(1977) was designed to test the hypothesis that nutrition supplementation improves the cognitive test performance of infant and preschool children. The hypothesis was based on a series of arguments about effects of supplementation on brain development that have not been supported by subsequent research. Both early reports of these studies and current re-examination of the data suggest effects during the preschool years, but of modest magnitude.
Introduction
For the past two decades researchers have examined the effects of early nutrition supplementation on the course of children's cognitive development using data collected by the INCAP longitudinal study on early supplementary feeding (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) . The investigation was designed to test the hypothesis that protein supplementation would improve the cognitive functioning of low-income, nutritionally at-risk children. This paper summarizes theoretical research that influenced the design of the psychological component of the study, the methodology of the infant and preschool psychology batteries, design considerations related specifically to psychological assessment, and a summary of results from analyses published to date. Other studies on the same topic are reviewed elsewhere [1] .
Historical overview of hypotheses
The main hypothesis of the INCAP longitudinal studythat improved protein ingestion during early childhood would be causally related to cognitive developmentmust be understood within the context of the psychological and nutritional knowledge of the period. The planning and design of the study took place from 1965 through 1968; the supplementation centres opened in 1969. During this period in the United States, the War on Poverty and concern for hunger in that country had lifted malnutrition from an obscure problem of developing nations to centre stage. At the time the INCAP study was initiated, researchers believed that protein was essential for adequate cognitive development [2] . It was reasonable that the major hypothesis to be tested was that the provision of supplementary protein would result in higher test performance in 7-year-olds.
Two theories about mechanisms linking malnutrition (either protein or protein-energy) to retarded cognitive development proposed during this period were (1) that malnutrition influences mental functioning directly through biological insult (the neural hypothesis), and (2) that malnutrition affects a child's energy and receptivity to learning, which in turn affects mental development (the developmental hypothesis).
The neural hypothesis
A series of international conferences from 1967 through 1974 brought together researchers from medical, nutrition, psychological, and anthropological backgrounds to improve their understanding of the mechanisms through which malnutrition could affect mental development, and a number of investigations of the effects of malnutrition on cognitive development were launched during the decade. In a 1967 conference the neural hypothesis was advanced on the argument that lack of protein would impair brain growth, particularly during the first postnatal months of life [3] [4] [5] .
The initial evidence for this hypothesis came from studies with severely malnourished children, often with little experimental control. These children were described as apathetic, listless, and unresponsive. Low test scores were reported in 14 severely malnourished Chilean children [5] , and 20 severely malnourished South African children differed from matched controls on non-verbal tests [6] , which the authors claimed was similar to what one would expect from brain-damaged children. Significantly smaller head sizes and reduced brain weight were observed among children who died of malnutrition before the age of 5 years because of both protein and protein-energy malnutrition [7] .
In a 1974 conference in New Delhi, the hypothesis that early malnutrition had a direct biological effect on the developing (human or other animal) brain, and that protein was the most important nutrient, was accepted by many [8, 9] . It was postulated that these effects occurred during the critical period of the brain growth spurt in humans, presumed to begin during the third trimester of pregnancy and to continue through 18 months postnatally [10, 11] . During this period there is rapid multiplication of glial cells and myelination of the neurons.
The neural hypothesis found parallels in psychobiology, where a consensus existed among researchers that particular stressful events in early life resulted in neurodevelopmental deficits in later life. For example, low birth weight was found to have negative sequelae in later life, particularly neuro-behavioural effects [12] .
It was argued on the basis of the neural hypothesis that undernutrition would result in a lack of neurosensory or intersensory integration [13] . Intersensory integration, a concept based in behavioural psychology, was considered one of the most important indicators of adaptive capacity in children 6-12 years of age and to be directly related to reading and writing [14] . To test the hypothesis that malnourished children would be inferior in intersensory integration, the tallest and shortest quartiles of an impoverished Guatemalan Indian sample and of a middle-class Guatemalan sample were assessed using a tool of intersensory integration [13] . The child was allowed to feel an object without seeing it and then was shown several objects and asked to select the one that matched the one that was felt. The rural group differed on intersensory integration as a function of quartile of height, but the wealthy urban group did not. The authors interpreted these findings as confirming their hypothesis, since only in the rural, and presumably malnourished, group did height relate to test performance. Unfortunately, since no other test was given, it is not possible to conclude from this study that a specific deficit in "intersensory integration" is associated with shortness.
The developmental hypothesis
Doubts about a strictly neural hypothesis were raised by several investigators during this period. The research designs were questioned; given the crucial importance of environmental stimulation for mental development, it was essential to extricate the effects of poor environmental stimulation and poor nutrition, ideally with an intervention design instead of the correlational results being presented [15, 16] . Much of the research was based on non-humans, and extensions from animal models to humans was questionable, given the complexity of human development [17] .
A number of studies had showed that environmental stimulation could reduce the negative effects of malnutrition on the exploratory behaviour of rats [18] [19] [20] . It was suggested that improved nutrition might have the same kinds of effects on cognitive development as improved environmental stimulation [16] . Evidence from studies of concentration-camp victims had indicated that the weight of an adult's brain and heart was reduced only 3% under starvation conditions, whereas the weight of other organs might be reduced up to 60%, a process called brain sparing [7] . Similarly, an adult human brain would be protected against food limitation; whether brain sparing would occur for children was unknown. Most of these investigations were done with severely malnourished animals and humans; how much the more common mild to moderate malnutrition might affect intellectual development was unknown.
Finally, criticisms of the focus on protein were raised [21] . Protein deficiency was hard to measure reliably. Scientists observed that not all nutritional diseases could be treated by nutritional means [22] ; rather than focus simply on the supply of protein-adequate foods, it was necessary to examine also the conditions under which the food was prepared and distributed, the role of infection and disease, and the complex social reactions to an increased supply of protein foods [21] .
The hypothesis that lowered energy and less responsiveness caused by malnutrition would result in reduced learning opportunities (an indirect effect) was advanced during the late 1960s and early 1970s. Piaget's influential research underlined the significance of experience and the child's active role in the development of cognitive processes. If these children were apathetic and listless, they would be less able to create for themselves the interactions with the environment necessary for optimum cognitive development.
The behaviours displayed by malnourished children are thought to represent a device for energy conservation [23] . To maintain energy balance, the allocation of energy to motor activity and exploration is reduced [24] . The cost could be a delay in the development of cognition, since energy-conserving behaviours would prevent children's learning from environmental contingencies.
Long-term effects are likely to be seen in areas of attentiveness, curiosity, activity, motivation, and social responsiveness rather than in the cognitive domain [17] . Theoretically, these changes in learning style would in turn influence children's ability to incorporate experiences. Finally, it was postulated that the effects of undernutrition would reduce the rats' ability to learn non-essential information, resulting in a kind of "functional isolation" in which incidental learning was limited but necessary information was acquired [20] .
Design issues in the INCAP study
The INCAP longitudinal study was intended to test the neural hypothesis by controlling for all possible confounding variables through good experimental design. It compared children from two villages randomly assigned to receive atole (containing protein and calories) with children from two villages that had been randomly assigned to receive fresco (with calories only), while providing all the children with medical care and the social stimulation of attending a feeding centre.
This design controlled for two of the confounding variables that were most likely to influence cognitive development: social stimulation received during supplementation, and the possibility of self-selection. Because the supplement was provided at a central feeding station, where there were round tables so that people could converse while eating, the possibility that children would receive more stimulation during the sessions was quite likely. Self-selection was a potential problem for both the psychological and the growth data if wealthier families were more likely to have children attend the centre than poorer families. For the fresco villages to function as an effective control, attendance patterns had to be similar in the two village types. A test of this assumption is discussed elsewhere [1] .
Another qualification of an experimental study is initial equality of the treatment groups on the dependent variable, particularly since villages rather than individuals were randomly assigned to treatment. Initial equivalence of the villages in anthropometry and home diet has been reported [25] , but initial equivalence in mental test performance and socio-economic status, both assessed in 1968, has not. These comparisons are reported elsewhere in this issue [26] . Analyses of initial equivalence on a few cognitive tests were performed in 1968, but those data are no longer available to the research team.
Methods

Subjects
All children under the age of 7 living in the villages at the time the study began and all those who were born in the villages or moved into them during the period of the study were potential subjects. The coverage rates for children living in the villages were above 90%, although children not living in the villages at the time of their assessment were not measured. Children were assessed at birth, at 6 and 15 months, and annually from 24 months on. In all, 1,614 children were tested, with the sample size ranging from 400 for infants to over 800 for 7-year-olds.
The maximum exposure cohort was defined as all children who could have received supplementation from the beginning of conception through at least 2 years of age, the hypothetical sensitive period for cognitive outcomes. This cohort includes all children who were conceived after the supplementation began in January 1969 and who had reached 2 years of age by the time it ceased in February 1977.
Tests
The infant battery
The test developed to measure infant functioning was based on items from the Bayley, Gesell, Psyche Cattell, and Merrill-Palmer scales. These items were adapted to the Guatemalan population. The categorization of items into either mental or motor was based on the Bayley scales of infant development [27] , described more fully elsewhere [28, 29] .
Tests were administered by trained Guatemalan women in an adobe room similar to the children's homes. The mother or other care-giver was present for the infant tests. All children were tested within two weeks of their birthdays. Standardization between testers took place every six months. Test-retest reliability and interobserver reliability were adequate [29] .
The preschool battery
The preschool battery consisted of 22 separate tests administered to each child within a month of his or her birthday at ages 3, 4, 5, 6, and 7 years. Initially there were 12 tests in the battery; 10 more were added in 1971 (table 1). All the tests were given to the 5-7-year-olds, with a smaller set given to the 3-and 4-year-olds. The tests are described in the Appendix (p. 209). Testing began in March 1969 in the large fresco village, in April in the large atole village, in May in the small fresco village, and in June in the small atole village. Testing with the enlarged battery began in June 1971.
In order to identify specific skills that might be affected by malnutrition, the battery consisted of separate tests rather than a composite measure. Tests designed to address specific hypotheses were the haptic-visual matching test (intersensory integration), the matching familiar figures test and the draw a line slowly test (impulsivity) [30] , the incidental learning test (functional isolation), and persistence on the impossible puzzle (motivation and persistence).
Other tests were included because they represented specific skills of interest in the literature: the embedded figures test, measuring field independence [31] ; reversal discrimination learning [32] ; the face -hands touching test, measuring the child's perception of the midline [33] ;
the memory for objects test, measuring children's ability to categorize objects in order to enhance recall; and three Piagetian tests of conservation. Others were derived from intelligence tests: short-term memory (memory for digits, sentences, and designs), performance items from standard IQ tests (animal houses and elimination of the odd figure from the Wechsler Preschool and Primary Scale of Intelligence, block design from the Wechsler Intelligence Scale for Children, Knox cubes, and incomplete figures from Stanford-Binet), and verbal items from standard IQ tests (vocabulary and verbal analogies). There were far fewer verbal tests than performance tests and no expressive language tests.
As with the infant battery, the tests were administered by trained Guatemalan women, who were standardized every six months. Testing took place in the same adobe rooms as the infant battery. Because of the number of tests, the child was brought in on several different days to complete them. The testers rotated between atole and fresco villages.
Reliability and validity
Although inter-observer reliability for the tests was high, test-retest reliability varied considerably (table 1). Some tests that had quite low test-retest reliability were too difficult for many of the children, and they should probably not be included in evaluating the hypothesis. For example, the mean score for the matching familiar figures test at age 5 indicated that children were on average performing at chance level.
Several studies were carried out to evaluate the emic validity of the battery. Village adults were asked to rate children according to their concept of listura, or "brightness, " and these ratings were correlated with test scores [34] . Children's observed behaviours, such as carrying out complex sequences of commands (chores and errands), were also associated with test performance [35] . Finally, performance on the battery was correlated with the child's age at enrolment in school and school achievement [36] .
Results
A number of reports of the effects of nutrition supplementation on mental development scores in preschool children were published in the decade after completion of the INCAP longitudinal study [37] [38] [39] [40] . In addition the children's socio-emotional functioning was measured when they were of school age.
Results from the first decade
The only report on the effects of the supplementation in infancy divided children into groups according to the adequacy of their caloric ingestion [37] since energy may have been limiting for growth [25] . Combining atole and fresco villagers, the mothers and infants were categorized into three groups according to the level of supplemental calories ingested (high, medium, or low) up to the age of testing [37] . Statistically significant differences (p < .05) in the expected direction existed between the mental development scores of the three subgroups at the three ages tested (6, 15 , and 24 months). Betweengroup differences for the motor scale were statistically significant at 15 and 24 months, and their magnitude was similar to that of those reported for the mental scale. In all cases the highest and lowest scores corresponded to the groups with the highest and lowest intake of calories respectively.
A number of reports have been published on the preschool data. The original atole-fresco design was used to compare subjects' performance on the battery [38] . The analyses were restricted to 550 children born between March 1969 and February 1973. Since the supplementation was first implemented in January 1969, the sample included both subjects who had and who had not received supplements since conception. Using estimates of both supplement and home diets, children in the atole villages had a higher intake of energy and protein than those in the fresco villages, except for boys in the small fresco village, for whom no differences were found. Analyses were performed within village size and sex groups. Generally, children in the atole villages performed better than those in the fresco villages. Within the large village pair, 6 of 27 comparisons (22%) favoured the atole children. and in the small village pair, 29% favoured the atole children significantly. All but one of the effects observed in the small villages were restricted to girls. Differences were most common for the naming and draw a line slowly tests. Given the number of statistical tests, the overlap of the subjects, and the covariation among tests, it was difficult to determine appropriate significance levels [38] .
These analyses had no statistical controls. Subsequent analyses to test the role of potential confounding factors showed that attendance, socio-economic status, and morbidity did not differ significantly by village type.
All the villages were combined and calorie intake was used as a continuous variable in an analysis that included all the subjects ever tested (1,083 children) [39] . Results from three tests (language, memory, perception) and a composite score based on 12 tests were reported. Subjects from the four villages were pooled and stratified by age and sex. Separate correlations were calculated between scores on the psychological tests and the amount of supplement consumed during pregnancy and lactation by the mother and by the child. Most of the correlations with the language, memory, perception, and composite scores for boys and girls 3-7 years old showed a positive association with the supplement. Almost half of the multiple regression models that took supplementation into account were statistically significant. The effects were particularly salient in correlations that involved language. The effects of supplementation on test performance varied inversely with age at the beginning of supplementation. Children exposed to supplementation both prenatally and postnatally were more likely to show effects than those exposed at older age. Another study used a similar analytic strategy and reported essentially the same findings [40] . It also reported a number of tests for confounding variables, such as the effects of repeated testing, the level of cooperation of the residents of the villages, and morbidity. None of these factors were different in atole and fresco villages.
A within-group analytic design divided the sample by age (3-6 years), sex, and treatment [41] . In addition, instead of using the scores on particular tests of the preschool battery, it reported a composite score for "each child at each age by summing all of the cognitive tests in standardized form" (p. 202). The total amount of supplement ingested during the child's lifetime was used as predictor. In this analysis the effect of the supplement on cognitive function within the atole and fresco samples was restricted to boys. The authors specifically reported that the "most striking finding was a lack of association between test performance and supplement ingestion for girls" (p. 206). Both supplements were generally associated in the expected direction with the cognitive composite score. The authors noted: "If the supplement caused increased mental development, a boy who has ingested an extra 200 calories per day since the program began, or about ' cup of Atole a day, should increase his composite score by between one-third and onehalf of a standard deviation" (p. 206). Controlling for social and economic variables and other demographic characteristics did not modify substantially the pattern of findings reported for boys and girls.
Design problems
These reports cannot be compared because the data were analysed using differing designs. The supplement variable was handled in four ways: as a village type (atole versus fresco) [38] , as a continuous measure (total calories ingested combining atole and fresco children) [39] , as a categorized variable reflecting adequacy of ingestion of calories at various times, combining villages [37, 40] , and as a continuous measure within village types [41] . The decision to combine fresco and atole villages and examine the effects of calories across the entire sample was a result of analyses of physical growth which suggested that calories, not protein, were associated with improved growth (J-P. Habicht, personal communication, 1990).
The problem with combining the four villages and using calories as the independent variable, particularly for behoviaural data, is that value of the fresco group to control for the social stimulation effects of attendance is lost. Any associations of calorie supplementation and test performance observed could then be a function of the social stimulation received at the centre. Only one of the published studies [38] and a new analysis [1] adhere to the atole-fresco design.
A second problem that limits comparability between the studies is that different tests of cognitive development were used. One selected a few tests [41] ; another presented data from 11 separate tests [38] ; and a third used a summed, standardized composite measure [41] .
Control for confounding variables
Because the design did not permit random assignment of individuals to treatments, the possibility that differences in village characteristics, or in the responses of residents to the two supplements, would differ by treatment is substantial. Each investigator has dealt with confounding variables in different ways. The major variables examined were socioeconomic status (all), morbidity [38, 40] , cohort and secular change (all except [39] ), repeated testing [40] , and attendance and self-selection [38, 40] . None of the first four were associated with treatment; however, the confounding effects of attendance and selfselection were particularly difficult to eliminate.
The fresco-atole design can control for attendance effects only if the attendance levels are similar in the two village types or if the kinds of children who attend are the same in the two village types. Although attendance levels differed for children 2-3 years old, with atole children attending significantly more days than fresco children, the rates of attendance are equivalent to those for 4-5-years-olds. Therefore, the authors of one study [38] argued, since the tests they used to test the hypothesis were administered to 3-5-year-olds, attendance rates should have been similar for the two groups. However, since fresco children had much lower rates of attendance before age 5, the argument is valid only if one assumes that attendance during a prior period in one's life is irrelevant to test performance several years later, contrary to the main hypothesis of the study.
In another study [40] it was maintained that the effects of attendance on test performance were so small that they could be dismissed. An increase of 0.007 standard deviation unit on the congnitive composite is found for 100 days of attendance. Mean differences between atole and fresco children are approximately 0.2-0.3 standard deviation, and at the above rate about eight years would be required to increase a test score by 0.2 standard deviation.
Self-selection also was considered as a a confounding variable [38, 40] . No differences were observed in parental cooperation between the fresco and atole groups [40] , and self-selection was not a problem because villages were randomly assigned and house quality did not differ between well and poorly supplemented atole children [38] . Neither of these arguments explores the possibility that the kinds of children who attended the centre were different for the two village types. One could suspect that the motivation for ingesting atole, a warm, sweet, brown, thick drink considered to be nutritious, could differ from motivation for ingesting the Kool-Aid-like fresco.
Social and emotional development
Between March 1979 and August 1979 an investigation of the effects of nutritional supplementation on schoolage children's social and emotional functioning was performed using a subsample of 139 children who had received supplementation from birth, ranging in age from 6 years 1 month to 8 years 3 months [42, 43] . The rationale for this investigation was that the major effects of nutritional deprivation would be seen in attention, exploratory behaviours, and emotionality, none of which had been tapped in standardized testing.
A series of structured situations was developed to observe the children's responses to social activities. These included (1) a response to novel materials, (2) behaviour in a relay race in which each runner had to pop a balloon, (3) persistence in attempting to open a clear box with a prize inside, and (4) a game of "Simon says, " in which the players have to inhibit themselves to respond only when the proper stimulus appears. The children were assigned to same-sex, same-age, and same-village groups of six. Careful observations of their behaviour in each setting were recorded.
The two reports analysed the same data in somewhat different ways, with essentially the same conclusion: on a number of measures, the children who had ingested more supplement were more active and involved than those who had ingested less. Specifically, they touched more materials in a novel situation, explored more in the novel situation, were more involved in the balloonpopping relay race, tried more strategies to open the box, and were more likely to anticipate a response in "Simon says. " The last effect was specific to boys.
In contrast to the significant correlations of supplement ingestion with behavioural variables, there were few relationships of supplementation with cognitive test performance measured at the same time as the behavioural assessment [42] . On the other hand, anthropometric measurements were related to test scores but much less to social and emotional variables.
This investigation presents intriguing findings, consistent with the theories about the effects of malnutrition on behaviour. Unfortunately, it uses the same across-village analysis as three of the reports summarized above. Therefore, it cannot eliminate the hypothesis that attendance at the supplementation centre or self-selection could explain the relationships observed. Given the social nature of the variables measured, an attendance hypothesis is even more probable than with strictly cognitive measures.
The investigators report that relationships between behaviours and supplement were more often found in the calorie-only village than in the protein-calorie village. They speculate that "only at the lowest levels of energy intake will differences in calorie supplementation be sufficient to produce differences in cognitive development . . . malnutrition may have its strongest effects on mental development when environmental stimulation is also limited" [42, p. 554 ]. However, it is also possible that the effects observed are attendance effects, since from the age of 6 the children in the fresco villages were attending the supplementation centre as much as or more than those in the atole villages.
Results from the second decade
Analytic strategy
In one analysis of these data, additional controls were added to test the hypothesis more rigorously [1] . In brief, these controls were to establish baseline equivalence in both test scores and socio-economic variables, to compare the atole and fresco villages controlling for socio-economic differences, to examine the confounding effects of attendance, and to control for attendance effects in the final analysis. Infancy scores as well as preschool scores were examined. For the preschool battery, factor scores rather than many specific tests were used as the dependent variables to reduce the number of statistical comparisons. The sample comprised children who had been exposed to supplementation from conception to at least 24 months of age, the maximum-exposure cohort. Some of the analytic decisions are discussed in more detail in the following sections.
Baseline assessment
To determine whether initial differences existed between the groups, atole and fresco comparisons were made for children who probably would have been affected relatively little by supplement ingestion: those tested in 1969, 5-7 years old. No systematic differences in test scores were found favouring either village type [1] .
Statistical controls
Attendance rates were calculated for each child for each year of age. Patterns of supplementation attendance varied by age and by village. In the atole villages, children attended significantly more in the first four years of life, whereas 7-year-olds attended significantly more in the fresco villages [1] . Differences in attendance patterns by village type by age suggest that motivations to attend varied by supplement. It is possible that mothers were more likely to perceive that atole had nutritional benefit and take younger children, whereas older children, who tended to come on their own, preferred the taste of fresco. A conservative test of the hypothesis is to control for differences in attendance patterns when examining the effect of treatment on test performance, the strategy adopted by Pollitt et al. [1] .
Development of measures
The measure developed for the infancy scores was the sum of items passed at each testing period. For the preschool battery, a factor analysis of all tests with adequate test-retest reliability was calculated [1] . Two factors resulted: a general factor consisting of verbal and perceptual-motor tests, and a short-term memory factor loading primarily on memory for sentences and memory for digits.
Results with the infant battery
The model compared the maximum-exposure-cohort atole and fresco children on the dependent measures controlling for attendance and socio-economic covariates [1] . Boys and girls were combined, with sex entered as an independent variable along with treatment. The dependent measures were mental and motor measurements from the infant battery at 6, 15, and 24 months. After controlling for the socioeconomic variables and attendance up to the date of testing, atole boys had significantly higher scores on the mental scale at 15 months, and girls had significantly higher motor scores at 24 months [1] . With the sexes combined, atole children scored higher than fresco children at 24 months on the motor score. There were no interactions with SES.
Results with the preschool battery
Dependent measures for the analysis in the preschool battery were factor 1 and the memory factor at 3-5 years.
Too few children were in the maximum-exposure cohort at ages 6 and 7 for analysis. All analyses controlled for socio-economic status and days of attendance up to the date of testing. Atole children scored significantly higher than fresco children on factor 1 at 48 and 60 months. The effects of the supplement were more evident in the lower-SES half of the population than in the higher-SES group [1] . There were no significant differences for boys, whereas for girls two of the six comparisons (33%) were at least marginally significant.
Conclusions
What initially appeared to be a simple quasiexperimental design includes many threats to internal validity [44] . Threats that would affect the interpretation of these findings are (1) initial nonequivalence, and (2) differences in the implementation and response to the treatments. The first problem would emerge if the villages were not initially equal. The second emerges because the treatment was not blinded. Differences in the two treatments may have resulted in different patterns of attendance to the centre. For example, mothers may have been more motivated to bring young children to receive atole, perceived to be of greater nutritional value, than fresco. The INCAP personnel, contrary to stated policies, may have differed in their encouragement of families to attend the supplement centre. Since mothers also ingested the supplement, it is possible that children's intake may have been associated with more active or responsive care-giving behaviours. Attendance was not equal in the two village types, so the effect of attendance on test performance might also have confounded the observed relationships and therefore was controlled for in the analyses.
There was no evidence that the two village types differed systematically in initial test scores [1] . Initial differences were seen in socio-economic status, both in the occupation of the father and in the education of the parents. The education variables, which are frequently associated with cognitive development, favoured the fresco villages, whereas the occupation codes were higher in the atole villages, principally because a higher proportion of men owned their own land [26] . The greater level of education in the fresco villages would tend to mask or hide any effects of supplementation, and the occupation differences might have inflated differences. Thus village differences are not as much of a problem as they would have been if the atole villagers had achieved higher levels of education. However, in these analyses, initial socio-economic status differences were controlled for.
The problem of differences in the implementation of the two treatments is more difficult to eliminate as a confounding factor. Attendance patterns did differ significantly between the atole and fresco villages; younger children were more likely to attend the atole centres and older children the fresco centres. Analyses of the effects of attendance suggest that they were small compared with differences between the two groups [I, 40] . However, one study added attendance as a covariate in the analyses [1] .
For the two studies that used the atole-fresco design, small but significant differences consistently favoured the atole villages [ 1, 48] . Because one analysis controlled for both socio-economic differences and attendance and used factor scores [1] , it should be considered the definitive statement of the effects of the nutritional supplementation on cognition during the infant and preschool years. Differences were greater in the lower-SES population, which is consistent with the hypothesis that the supplement is most effective in conditions of deprivation. Differences were also greater for girls than boys.
Other studies also found greater effects of supplementary feeding on girls than boys. These genderspecific effects may operate through parental response to girls' energy or physical size [45] , although the data do not allow us to distinguish mechanisms for the sex difference.
These results are consistent with two intervention studies implemented in the late 1960s to examine the cognitive effects of supplementation on infant and preschool cognitive development, in Bogotá, Colombia [46] , and Taiwan [47] . Supplementation was associated with small but significant differences in development scores during infancy, particularly in motor development. Later effects are less clear; effects of the Bogotá intervention were reported for preschool childrens' reading readiness [48] , but no differences were seen in Stanford-Binet IQ scores of five-year-old Taiwanese as a function of early supplementation [49] . In sum, evidence shows that among low-socio-economic, nutritionally at-risk women, food supplementation alone during pregnancy and lactation has a small, statistically significant effect on the motor and mental development of infant and preschool children, particularly girls.
Two mechanisms were proposed to account for these effects: direct biological or neural effects, and indirect effects related to children's lowered levels of activity or responsiveness to the environment. The data summarized here do not allow one to distinguish clearly between these hypotheses; however, they are consistent with a developmental interpretation.
A developmental model would suggest indirect effects of alterations both in activity and motor ability in interactions between developmental systems within the child, and between the child and its environment [1] . This model rests on two sets of findings: ones showing that among nutritionally at-risk populations supplementary feeding is associated with earlier motor maturation and activity level, and ones showing that these characteristics of the child are associated with more complex and developmentally stimulating interactions.
Supplementary feeding has been linked to gains in motor development not only in the INCAP longitudinal study but in other studies [50] [51] [52] . Activity levels also have been found to be lower among mildly to moderately malnourished children [53, 54] and to increase after supplementary feeding [51, 55] .
The link between motor maturation and cognitive development has been examined primarily in wellnourished populations. Associations of locomotor skills with perceptual and cognitive development have been reported [56] . Increased locomotion is also associated with social contacts, which broaden social experiences and enhance affective and linguistic interactions with adults [57] . The link between responsive language in adults and growth in linguistic ability in children has been documented frequently, both in the United States [58] and in developing countries [59] .
Much less research has been conducted in developing countries on the relations of motor maturation and activity to cognitive functioning. In rural Kenya, children who were more spatially active scored higher on cognitive measures [60] . It is theoretically reasonable to assume that relationships that hold in developed countries will also be found in nutritionally at-risk populations, where low levels of motor maturation and activity are likely to be linked to undernutrition. The association between advanced motor activity and improved cognitive performance provides a plausible explanation of these data.
In a longitudinal follow-up of these children when they reached adolescence and young adulthood, effects of the early supplementary feeding were seen not only in functional performance but also on informationprocessing tests such as reaction time, which are closely related to brain function [1] . These results suggest direct or neural effects on cognitive development; the possibility of a neural mechanism is not abrogated by these findings.
Appendix: Description of the tests
Tests for ages 3-7
Embedded figures. The embedded figures test was an assessment of children's ability to distinguish a figure from a meaningful visual array [31] . The construct was developed as a measure of a person's tendency to be field-dependent (influenced by the context) or fieldindependent. It had two versions.
In the version administered to 3-year-olds the child was shown a picture of a common figure, and then was shown a larger picture that included the same figure and asked to point to the figure. In the first 9 of the 18 items she simply had to select the target figure from a group of other forms; in the second 9 the target figure was embedded in the larger picture. The score was the number of items located correctly.
The version for children 4-7 years old used a red triangle as the target figure. After practice, a copy of the triangle was visible to the child and she was asked to find the triangle hidden in each of 12 pictures.
Verbal inferences. This was a Guatemalan adaptation of a verbal analogies test used in both Stanford-Binet and the Wechsler Intelligence Scale for Children (WISC). Two simple test items were first given to the child, and corrections were given if he could not complete an item or completed it incorrectly. A partial sentence was read to the child, who was then expected to complete the idea by supplying the missing word. For example, The first item was: "Shoes go on feet. A hat goes on . . . " The second was: "Water is to drink. Tortillas are to . . . " If the child did not understand the first two examples, the test was not administered.
Vocabulary naming and recognition. The vocabulary test was similar to early items in the Peabody picture vocabulary test. None of the items required inferences about actions. The child was shown a notebook with about four pictures on each page, all of which were of objects common in the village, and was first asked to name each picture. Various synonyms were acceptable. The total number correct was the naming score.
After the child had seen all the pictures, the examiner named each object that the child had not named or had named incorrectly, and the child was asked to point to it. The recognition score was the total number of items named in the first part of the test plus the number recognized in the second part.
Memory for digits. The digit memory test was similar to those in Stanford-Binet and the WISC. The child was asked to repeat sequences of numbers read by the examiner at the rate of two per second. The sequences were of different lengths, the shortest consisting of two digits, with four sequences of each length. The score was the total number of digits recalled correctly plus one point for each totally correct sequence.
Memory for sentences. The child was asked to repeat meaningful sentences after the examiner, who read them at the rate of two words per second. All the words were two syllables long-for example, Mama habla. The sentences had different numbers of words, with two sentences of each length. The score was the total number of words recalled correctly plus one point for each correct sentence.
Draw a line slowly. This test was developed to measure impulse control [30] . It was significantly associated with Stanford-Binet scores in a preschool population but was unrelated to the overall activity level measured by "actometers. " It may measure ability to follow instructions as well as impulse control.
The child was asked to draw a line between two X marks on a page as quickly as possible, and then to draw one as slowly as possible. The score was derived from the latter: it was the velocity of the line, i.e., the time to draw the line divided by its length. A lower score indicates greater impulse control.
Persistence on impossible puzzle. The child was given 18 pieces to fit into a puzzle, in an attempt to measure persistence in an impossible situation. In reality there was no way in which all of the pieces could be fitted into the puzzle. A maximum of three minutes was allowed, and the score was the number of 10-second intervals the child continued to work.
Reversal discrimination learning. Children were tested on their ability to make a reversal shift, that is, to transfer learning from one situation to another with reversed requirements.
Four sets of trials to discriminate between two objects were given. In the first set, the child was trained to make a distinction between the objects based on their size. If she selected the correct member of the pair (e.g., the large house), she found a piece of candy under the stimulus. The second set of trials involved discrimination on the same dimension but with different objects (e.g., cars, with the large one still being correct). If the child understands the notion of dimension, she should master the second exercise much more quickly than the first. In the third set of trials, a reversal was introduced: the same two items were presented as in the first trials (a large and a small house), but this time the small house was the correct one. The test of the child's learning from the reversal shift came in the fourth set, when she was shown the same two objects as in the second set (cars), but again with the opposite size (small) now being correct. If, in the first or the third set, the child failed five times in a row, the test was suspended. The score was the total number of trials the child took to reach the criterion.
Memory for objects. As a standard memory test and a measure of ability to use categories of objects to enhance recall, the child was shown a large circular tablet with 12 familiar objects-belonging to three conceptual categories (animals, clothing, kitchen utensils)-placed around the edge. After he had inspected the objects, they were covered with a cloth and he was asked to recall as many as possible. The score was the number of objects recalled.
Knox cubes. In this adaptation of the Arthur Point Scale of Intelligence [61] , the child was asked to repeat a series of taps on four stimuli. A board with four familiar miniature objects lined up in a row (a fan, a bow, etc.) was shown to the child. The examiner tapped these items in a particular order with a stick the length of a pencil, and the child was then asked to tap them in the same order. The score was the number of series of taps correctly completed.
In the slow version, the examiner tapped the objects at the rate of one per second. The fast version, which was not used here, has four taps per second and follows the slow version.
Tests for ages 5-7
Memory for designs. This test was developed to assess children's ability to remember and reproduce a design made with one-inch cubic blocks painted a different colour on each side (red, green, yellow, and blue, plus some with diagonals). The examiner constructed a design from the blocks (using two blocks for the first two items and four blocks thereafter) and allowed the child to inspect it for five seconds. The blocks were then scrambled and the child was asked to reconstruct the design from memory. Three trials were allowed per design. The score was a number of points based on the correct colour and position of the blocks.
Incidental and intentional learning. This test measured children's ability to recall information they had not been directed to remember. It consisted of two trials.
In the first trial, the child was shown six pictures of common objects, one at a time, and asked to point to the part that was red. After finishing, she was asked to remember what the pictures were. The number of pictures correctly recalled was her incidental learning score.
She was then shown the six pictures again and asked to name them. Then she was asked to name the pictures again from memory. The number correctly recalled on the second trial was her intentional learning score.
Haptic-visual matching. This test was developed in response to the hypothesis that malnourished children are deficient in their ability to integrate among their senses (intersensory integration).
The child was asked to place his hands into a box with a little curtain over the opening and feel an object inside the box (a wooden figure about one and a half centimetres thick, like a jigsaw puzzle piece, glued onto a board) without being able to see it. He was then shown four similar forms and asked to pick the one that was the same shape as the one he had felt. There were 12 objects to be felt in all. The number of correct responses and the response times were recorded.
Matching familiar figures. This test was designed to measure a child's cognitive style: "reflectivity" (long response times and correct answers) or "impulsivity" (short response times and incorrect answers).
The child was shown a drawing of a familiar object and asked to select the one that matched it from a display of similar figures differing only in small details from the stimulus item. The display was covered with a sheet of paper until time for her to start searching so that her response time could be measured accurately. Because of a tendency in such tests for children to respond immediately to the figure in the lower right-hand corner, closest to their hand, the location of the correct response and the arrangement of the alternatives on the page were varied. Both the number of items selected correctly and the response times were recorded. Block design. The child was shown a design on a card and asked to replicate it using a set of small, coloured cubical blocks. Some of the more difficult designs involved blocks with diagonal lines. The score was based on points for the correct colour, position, and orientation for each block plus one point for each completely correct design.
Animal houses. This test of non-verbal intelligence from the Wechsler Preschool and Primary Scale of Intelligence (WPSSI) measures the child's ability to develop an arbitrary code pairing two stimuli. The child was first presented with four animals and shown that each one had a "house" of a different colour. He was then given a tablet with 20 pictures of animals-5 copies of each of the four standards-and a set of coloured pegs, and was asked to place a peg of the colour of the animal's "house" under each picture as quickly as possible within a time limit. Both the time taken to complete the task and the number of correct responses were recorded.
Elimination of odd figure. The child was shown a series of five drawings in a row and asked to point to the one that was different. In some cases the odd figure differed on perceptual grounds (e.g., a child wearing black rather than white shoes) and in some on conceptual grounds (e.g., one child in the picture was engaged in a different activity from the others). The score was the total number of items correctly identified.
Face-hands touching. To test children's ability to determine on which side of their body a touch occurs, they were touched with a feather on both the face and the hands with their eyes closed and were asked to say whether the touches were on the same or different sides. The score was the number of touches correctly identified.
Incomplete figures. Both Stanford-Binet and the WPSSI contain some measure of children's ability to identify the part of a picture of a common object that is missing. The child was shown pictures of 16 items common to Guatemalan village life and was asked to point out the missing part. The score was the total number of missing parts correctly identified.
Conservation of matter. This adaptation of Piaget's conservation-of-mass test used the shapes of tortillas and salchichas (hot dogs) as stimuli in order to increase its relevance. The child was shown two balls of clay and was asked whether there was the same amount in each. The examiner then moulded the balls into different forms and afterwards reshaped the clay into a ball. After each transformation the child was asked to judge whether the quantity of clay was the same as in the initial comparison. The results were scored on a three-point scale: 0 if the child never recognized that the quantity was conserved, 1 if she recognized it in some but not all of her responses, and 2 if she recognized it every time.
Conservation of area. In this culturally appropriate adaptation of Piaget's conservation-of-area test the child was shown two large round green tablets representing fields, with a toy cow on each, and small blocks representing houses. Both "fields" were first presented in the same configuration to test for the child's recognition of their initial equality. Then, for the transformation, on one tablet the houses were grouped together and on the other they were scattered, and the child was asked whether the two cows still had the same amount to eat. The scores were 0, 1, or 2 as above.
Conservation of continuous quantity. This adaptation of Piaget's conservation-of-liquid test involved three transformations of water in glasses, using different sizes and numbers of glasses. The child was asked if the quantities of water were equal initially, then was shown a transformation and again asked if the quantities were the same. The scoring was the same as for the two conservation tests described above.
